Distinguishing Dark Matter Annihilation Enhancement Scenarios via Halo Shapes 
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Sommerfeld enhancement and Breit-Wigner enhancement of the dark matter annihilation have 
been proposed to explain the "boost factor" which is suggested by observed cosmic ray excesses. 
Although these two scenarios can provide almost indistinguishable effects on the cosmic ray fluxes, 
the cross sections of the self-interaction in those enhancement mechanisms are drastically different. 
As a result, we show that they can be distinguished by examining the effects of the self-interaction 
on the halo shapes. In Sommerfeld enhancement models with < 100 MeV and thdm < 3 TeV, 
the self-interaction can leave observable imprints in the galactic dynamics, while dark matter is 
effectively coUisionless in Breit-Wigner models. 



Introduction 

Recent observations of the PAMELA fl, ATIC 0, PPB- 
BETS 3| and Fermi [4[ experiments strongly suggest the 
existence of a new source of electron/positron fluxes in 
cosmic rays. Although the excesses may have astrophys- 
ical sources Q , the annihilating dark matter interpre- 
tation remains an interesting possibility. If dark matter 
is a thermal relic, however, there is a tension between 
the dark matter density and the observed excesses in 
this interpretation. That is, the required annihilation 
cross section of dark matter in the galactic halo is much 
larger than the one appropriate to explain the dark mat- 
ter relic density precisely measured by the WMAP ex- 
periment 0], i.e. (cr a nnWrGi) — 3 x 10~ 26 cm 3 /s, which 
we call the WIMP cross section. As a result, the dark 
matter explanation of the excesses requires an enhanced 
annihilation cross section in the galactic halo by a factor 
O(10 2 — 10 3 ) with respect to the WIMP cross section for 
dark matter with a mass in the TeV range. 

So far, there have been two proposals to explain the 
boosted annihilation cross section in particle physics. 
The one is the Sommerfeld enhancement [a [fill and the 
other is the Breit-Wigner enhancement [lfj, |ll| . In the 
Sommerfeld enhancement scenario, the dark matter anni- 
hilation is enhanced in a low- velocity environment due to 
an attractive force among dark matter, which is mediated 
by a light particle. In the Breit-Wigner enhancement 
scenario, dark matter annihilates via a narrow Breit- 
Wigner resonance, and the cross section is enhanced in 
a low-velocity environment when the difference between 
the resonance mass and the twice of the dark matter 
mass is much smaller than the width of the resonance. 



(See Refs. [12|, LL3J, LLJ] for recent attempts to attribute the 
boost factor to the resonance. See also Refs. [3 0, E3 
for general discussions on the effects of the resonance to 
the dark matter annihilation.) 

Since both scenarios were introduced to explain the 
cosmic ray excesses in a low-velocity environment, it is 
rather difficult to distinguish them by examining cosmic 
ray fluxes. In this note, we explore the possibility to 
distinguish them by investigating the morphology of dark 
matter halos. 



As shown in Refs. 18, [l9j], in the Sommerfeld en- 
hancement scenario, a light particle which enhances the 
annihilation cross section also mediates self-interaction 
of dark matter. The rather strong self-interaction me- 
diated by the light particle can cause too much energy 
exchange of dark matter, which leads to spherical shapes 
of dark matter halos. As we will discuss below, on the 
other hand, self-interaction is highly suppressed in the 
Breit-Wigner scenario, and its effects on the galactic 
dynamics are negligible. We show that the halo shape 
effects of the dark matter self-interaction can be used to 
distinguish two scenarios. 

Dark matter self- interaction in two scenarios 
In the Sommerfeld enhancement scenario, the self- 
interaction process is dominated by the ^-channel ex- 
change of the light particle <j>, which is inevitable for the 
this type of model. To illustrate the physical process in- 
tuitively, let's look at the differential cross section in the 
Born approximation, 
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where todm,^ are masses of dark matter and the light 
particle, respectively, ax denotes the fine structure con- 
stant ax = A /(47r), and v IC \ — \v{ — is the relative 
velocity of dark matter. The energy transfer cross section 
<jt = J dQ(da/dtt)(l — cos 0*) is given by [ll| 
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y rel ) is a ratio of the poten- 



Here, (5 = 2a x m < p/ '(m DM v 2 c] 
tial energy caused by the light particle at the interaction 
range, r ~ m7 , to the kinetic energy of dark matter, and 
R = TODM^rei/m^ is the ratio of the interaction range to 
the dark matter particle's de Broglie wavelength. Notice 
that Eq. ([2]) receives significant corrections for (3 ^> 1, and 
we will discuss it in the next section. For values of inter- 
est here, v xe \ ~ 10~ 3 and th-dm/w^ > 10 3 , R is typically 
larger than one. Thus, for example, the energy trans- 
fer cross section is given by, &t ~ f na $ (in R 2 — l) 
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for R 3> 1. Although the finite interaction length of the 
Yukawa potential, r ~ Tnl , cuts off the logarithmic di- 
vergence, the energy transfer cross section is still greatly 
enhanced for small v re i. 

The annihilation cross section, on the other hand, can 
be approximated by 
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The typical value of the enhancement factor 
vain[ax/v ie i,axmr>M/m<f>] is O(10 2 ) for w rc i ~ 1CT 3 
if we require correct relic abundance of dark mat- 
Thus, the energy transfer cross section gt 
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ter 

is much larger than the annihilation cross section <7 ann 
by a factor of 0(1O 7 ) in the case of R 3> 1, although 
both processes are determined by the t-channel process. 
This is not surprising because the annihilation requires 
a heavy dark matter exchange in the t-channel and the 
process is dominated by the s-wave, while the scattering 
is mediated by the light particle <f> an d higher modes of 
the partial wave have significant contributions. 

Now let us consider the self-interaction in the Breit- 
Wigner scenario. In this case, the annihilation cross sec- 
tion and the self-interaction are both dominated by the 
processes of the s-channel exchange of the narrow reso- 
nance which can be expressed by the Breit-Wigner forms; 
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Here, 7s is the total decay width of the resonance s nor- 
malized by the resonance mass m s , Ecm is the energy 
in the center of mass frame, -BoM.f denote the branching 
ratios of the resonance into a pair of dark matter and 
the final state particles, respectively, and S is defined by 
to 2 = 4toq M (1 — S) with 1 5 1 <C 1. For simplicity, we as- 
sume that the pole is in an unphysical region, i.e. S > 0, 
although our analysis can be extended for a physical pole 
region straightforwardly (see also discussion in Ref. [2lJ). 

The ratio of the energy transfer cross section to the 
annihilation cross section in the Breit-Wigner scenario 
is 
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As discussed in Refs. [l(|, a successful enhancement fac- 
tor can be obtained for 
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Here, we have assumed that the enhancement is satu- 
rated in the galactic halo, i.e. 5, 7 S ^> w 2 cl . Therefore, 



the self-interaction cross section is much suppressed 
compared to the annihilation cross section in the Breit- 
Wigner scenario, and hence, dark matter is effectively 
collisionless. This is a drastic difference from the 
Sommerfcld enhancement scenario where dark matter 
can have a large scattering cross section mediated by 
the light particle. 

Effects on Halo Shape 
The large self-interaction of the dark matter causes the 
rapid energy transfer in the halo and isotropize the veloc- 
ity dispersion, which leads to a spherical halo and drives 
the halo towards isothermality. These expectation have 
been confirmed by simulation in the hard sphere scatter- 
ing limit (221 . [23l l2~i ] . The shapes of dark matter halos 
of elliptical galaxies and clusters are decidedly elliptical, 
which constraints self- interaction [25| . The elliptical halo 
constraints for Coulomb interactions have been discussed 



in Refs. 



According to Ref. 18J , we estimate the impacts of the 
self-interaction of the enhancement scenarios on the halo 
shape by calculating the relaxation time for establishing 
an isothermal halo. Here, we assume the time scale for 
isotropizing the spatial distribution of the dark matter 
halo is the same as this relaxation time 27|. Then, the 



resultant average rate for dark matter to change velocities 
by an O(l) factor [l8| is given by, 



d 3 v 1 d 3 v 2 f(v 1 )f(v 2 ) (n x v rc ]0- T ) (v^/vq) , (7) 



where f(v) — e~ v2 / v « /(wov^) 3 is the dark matter's as- 
sumed Maxwellian velocity distribution, nx is its number 
density inside the halo. 

This rate provides a judgement on the effects of self- 
interaction in the galactic dynamics. If the scattering 
rate is small and the relaxation time is much longer than 
the typical age of galaxies, i.e. T^ 1 ^> r g ~ 10 10 years, 
we expect that self-interaction does not play important 
roles on the galactic dynamics. On the other hand, if the 
scattering is so sufficient and the relaxation time is much 
shorter than r g , then such scenarios have been excluded 
by the observed elliptical halos. For the parameter region 
with r^" 1 not far from r g , the self-interaction leaves the 
observable imprints on the galaxy's structure. 

Now, let us estimate the relaxation time in the Som- 
merfeld enhancement scenario. As mentioned earlier, 
Eq. ([2]) receives significant corrections in the strong in- 
teraction regime, j9 > 1. In this work, we focus on the 
R ^> 1 region of parameter space. In this region, quan- 
tum effects are subdominant and hence classical studies 
of slow moving in plasmas [28| are applicable. These 
studies find that numerical analysis of the cross section 



is accurately reproduced by 
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a T ^ —r/3 2 In (l + /T 1 ) , < 0.1 , 



^-SiW^' o.k^<i«)o. (8) 



We use these fitted cross sections to obtain numerical 
results given below. 

In our analysis, we consider the well-studied, ne arby 
(about 25 Mpc away) elliptical galaxy NGC 720 [H,|3o||. 
The average dark matter density is nx ~ 4 GeV/cm 3 
within the 5 kpc where the ellipticity constraint is 
strong, and the radial velocity dispersion v^(r) ~ 
(240 km/s) 2 

In Fig. [TJ we show the contours of the relaxation 
time (solid lines) for dark matter changing its energy by 
0(1) for a given m^ and m-DM- We also plot the con- 
tour (dashed lines) for the enhancement factor Bsf = 
min [ax/vrei, axmDM/m^ In the figure, we have used 
the fine structure constant determined by the dark mat- 
ter density [l8(, i.e. 

/3 x 10- 26 cm 3 /s _ non / mum \ , n . 

a x = \j m DM * 0.029 x J . (9) 

The figure shows that T^" 1 increases as increases for 
a given mDM- This is because for a larger m^, the scat- 
tering cross section is suppressed. For a given m^, the 
larger dark matter mass leads to the larger T^ 1 since 
the number density of dark matter becomes smaller with 
larger mDM, and the scattering rate decreases. 

Notice that in the region with smaller than about 
100 MeV, and the dark matter mass smaller than about 
3TeV, the relaxation time scale is less than 10 11 years, 
which is not so above T g . In this region, the effects 
of self-interaction are important on the shape of dark 
matter halos, while effectively collisionless dark matter 
has no effects on the halo shape. Thus, by compar- 
ing the predicted halo shapes with observations, we can 
distinguish the Sommerfeld enhancement scenario from 
the other collisionless dark matter scenarios. To make 
such comparison precisely, the detailed numerical simula- 
tions with velocity-dependent self-interaction are crucial. 
More data sets of NGC 720 and other elliptical galaxies 
and clusters can make these constraints more robust. 

Dark matter with strong self-interactions also predicts 
the formation of the constant density cores. The time 
scale for the formation of these cores is again given by 
T^ 1 . In the region with m^ < 100 MeV and moM ^ 
3 TeV, we would expect NGC 720 should have a large 
core. Future tests for the presence of cores of NGC 720 
may provide another way to distinguish the Sommerfeld 
enhancement scenario from the Breit- Winger enhance- 
ment scenario and the other collisionless dark matter 
model. 
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FIG. 1: Contours of the time-scale of the energy transfer 
rate (solid lines) in the Sommerfeld enhancement scenario. 
The dashed lines show contours of the enhancement factor 
obtained with the fine structure constant in Eq. In the 
light shaded region, the classical cross sections in Eq. (JHJ is not 
applicable. In the darker shaped region, the relaxation time is 
not so much longer than the age of galaxy r g ~ 10 10 years, and 
hence, we expect observable imprints of the self-interaction in 
the galactic dynamics. 



Finally, we estimate the relaxation time in the mod- 
els with the Breit- Winger enhancement. As we have 
discussed in the previous section, dark matter is effec- 
tively collisionless in the Breit-Wigner enhancement sce- 
nario, and hence, the energy transfer cross section is 
much smaller than the enhanced annihilation cross sec- 
tion. For example, we can obtain a desirable boost factor 
for m DM = 1 TeV, 5 ~ 3 x 10~ 5 and 7s ~3x 10" 5 while 
having the correct dark matter density (loj . Then, by 
using ut given by Eq. ([J), the relaxation time for dark 
matter to change velocities by 0(1) factors is 

r*: 1 > 10 20 years, (10) 

which is much longer than the age of galaxies. Here, 
we have assumed that the inequality in Eq. © is 
saturated in the right hand side of the inequality. Thus, 
we do not expect that self-interaction in Breit-Wigner 
enhancement scenario has significant roles in the galactic 
dynamics. 

Summary 

The Sommerfeld enhancement and the Breit-Wigner 
enhancement scenarios were proposed to explain elec- 
tron/positron excesses in cosmic ray. Both scenarios can 
not be distinguished from the cosmic fluxes if we assume 
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certain astrophysical boost factor in the Sommerfeld en- 
hancement. However, in the Sommerfeld enhancement 
scenario, the light field, which is essential for the en- 
hancement, also mediates strong self-interaction of dark 
matter. The large self-interaction cross section can lead 
to spherical shapes of dark matter halos. In the Breit- 
Wigner scenario, on the other hand, the scattering cross 
section is much smaller than the enhanced annihilation 
cross section, and dark matter is effectively collision- 
less. We found that in the Sommerfeld enhancement 
scenario with < 100 MeV and tubm J$ 3 TeV, the 
self-interaction can have measurable effects on the halo 
shape. Such effects can be investigated by careful numeri- 
cal simulations of the velocity-dependent self-interactions 
and deeper data sets of the halo shapes. 

We comment on the constraints on the enhancement 
scenarios from the effects on the cosmic microwave back- 



ground (CMB) anisotropy. As investigated in Ref. [3l|, 
the large annihilation cross section of dark matter during 
and after recombination time results in too much energy 
deposition into background plasma and affects the CMB 
anisotropy. The resultant constraints from the CMB 
anisotropy exclude some portions of parameter spaces of 
both the enhancement scenarios. 
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